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ABSTRACT

The verification and validation of Pronghorn is imperative to assert its accuracy when predicting the fluid velocity,
temperature, and pressure in high-temperature gas-cooled reactors. Pronghorn is a coarse-mesh, intermediate-fidelity,
and multidimensional thermal-hydraulics code developed by the Idaho National Laboratory. The Pronghorn porous
media flow model is verified by STAR-CCM+ and validated with new pebble-bed experiments for observing the details
of the fluid motion and pressure drop in the porous bed.

This paper focuses on the validation of both the Pronghorn compressible and incompressible Navier-Stokes equations
using pressure drop measurements performed at the engineering-scale pebble-bed facility at Texas A&M University.
Various pressure drop correlations and porosity functions are implemented in both Pronghorn and STAR-CCM+ to
compare the pressure drop due to the combined viscous and inertial resistances in the porous bed. Correlations ac-
counting for the near-wall effect are also utilized to investigate the potential for improvement.

Pronghorn porous media models predict the pressure drop well relative to the STAR-CCM+ simulation results and
1D correlations, and both the finite element method and finite volume method implementations perform similarly.
Pronghorn models are also validated with the experimental measurements given different Reynolds number ranges
and specific aspect ratios. There exists strong evidence that there is no statistically significant difference in the mean
values, such as the pressure drop measurements, specific correlations, or simulations, provided that the overlap of their
confidence intervals is more than the half of a single arm. Several validation metrics show similar levels of agreement
to other studies. The precise average pebble-bed porosity estimation has a large impact on the pressure drop, and the
Foumeny and Montillet (dense packing) models provide an accurate pressure drop prediction while also considering
the near-wall effect.

KEYWORDS

Porous media modeling, verification and validation, high-temperature gas-cooled reactors, pebble-bed reactors,
Navier-Stokes equations

1. INTRODUCTION

The verification and validation of Pronghorn is critical for building confidence in the prediction of the fluid
behavior in advanced reactors, specifically high-temperature gas-cooled reactors (HTGRs). The HTGR is
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an advanced Generation IV reactor concept and can produce the process heat for industrial applications
along with electricity generation [1,2] and inherent safety features, such as the passive decay heat
removal [3,4].

Pronghorn is a coarse-mesh, intermediate-fidelity, and multidimensional thermal-hydraulics (TH) code
developed by Idaho National Laboratory [5-7]. It allows for the modeling of multidimensional phenomena
and reduces the computational cost by homogenizing small-scale features. Figure 1 describes the hierarchy
of TH modeling and its characteristics. Furthermore, Pronghorn is flexible in coupling Idaho National
Laboratory Multiphysics Object-Oriented Simulation Environment based simulation tools, such as
RELAP-7 for the system safety analysis, BISON for the fuel performance, and Griffin for the neutronics
applications.

Figure 1. Hierarchy of TH modeling [5].

Extensive studies related to correlations (of the porosity, pressure drop, effective thermal conductivities,
and solid-fluid convective heat transfer coefficient) for porous beds have been performed [8—11]. However,
the validation of the correlations applicable for HTGRs in the porous media models (herein, Pronghorn) is
still necessary because the flow condition in HTGRs is different from other porous media applications. The
high fluid flow rates are expected in pebble-bed reactors (PBRs), and the aspect ratio, defined as the bed
diameter divided by the pebble diameter, is relatively high.

This motivates the Pronghorn verification and validation with Texas A&M University (TAMU) isothermal
versatile experiments [12], provided that the preliminary results [13] show an excellent agreement of
Pronghorn porous media flow models with STAR-CCM+ for the solid and fluid temperatures in the SANA
pebble-bed experiments. This includes the implementation of correlations applicable to the pebble-bed
experiments in Pronghorn, the comparison of the pressure drop correlations with those simulated by
STAR-CCM+, and the studies related to the interaction of the near-wall and bulk flows in the PBRs (in
other words, the near-wall effect). Here, pressure drop measurements under the isothermal condition are
compared with simulation results from both Pronghorn and STAR-CCM+
Navier-Stokes/Darcy-Forchheimer models given the average pebble-bed porosity and pressure drop
correlations.
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2. THEORY
2.1. Governing Equations

The macroscale modeling approach is established to predict the mass, momentum, and heat transfer
phenomena in porous media. The continuum concept is applied by taking an average of properties within
the representative elementary volume [14,15]. However, the model still requires knowledge of the closures
for estimating the effective properties based on the pore-scale characteristics knowledge. Therefore, the
Darcy-Forchheimer model is used with the Navier-Stokes equations at the continuum scale [16].

The compressible Navier-Stokes equations are used to account for the conservation of fluid mass and
momentum [11]. The fluid continuity equation is given by

15)
2L+ V- (eppu) =0, (1)

where p; is the fluid density, ¢ is the time, u is the interstitial/physical velocity, and ¢ is the porosity, which
is the fluid volume divided by the total volume. The conservation of momentum equation for the fluid is

I(psu)

ot

+ V- (epruu) +eVP —eprg+Wppu —V - (epVu) =0, 2

where P is the pressure, g is the gravitational acceleration vector, I is the interphase friction factor, and p
is the dynamic viscosity.

The thermal equilibrium porous media model from the third-party computational fluid dynamics software,
STAR-CCM+, uses the same formulation as the Pronghorn compressible Navier-Stokes equations [17].
Note that the constant density model is applied in both Pronghorn and STAR-CCM+ for water since it is
only slightly compressible.

2.2. Average Pebble-Bed Porosity/Drag Coefficients

The average porosity, £, of a randomly packed bed of pebbles varies depending on the packing method and
aspect ratio, and it can be approximated by utilizing correlations derived from experimental

measurements [11]. Table I contains a summary of the correlations selected to calculate the average
porosity. Note that the aspect ratio is defined as the ratio of the bed diameter, D, over pebble diameter, d,.
The average porosity is commonly used to develop the following pressure drop correlations in porous
media in Table II.

The empirical correlations are used to predict the pressure drop (A P) of the fluid due to pebbles in the
reactor. Generally, the friction factor varies depending on the pebble diameter, porosity, and fluid
properties, such as the fluid density and dynamic viscosity. Some correlations use the aspect ratio to
consider the near-wall effect, and others use the tortuosity to introduce the effect of the transverse flow.
Table II introduces three major pressure drop correlations and their validity conditions used in Pronghorn
and STAR-CCM+ simulations, and other correlations are described in [11].
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Table I. Average porosity correlations
Validity Bed Pebble Material for Material for
Author Condi- Ave. Porosity Correlation Diameter Diameter Spheres/Packing the Column
tion (mm) (mm) Method
b 0.365 4 0.22% 25.75, Clear Lucite Clear cast
Mueller [18] dp 2 50.50, 12.751 plexiglass/random acrylic
2.02 +0.0055/D (SD 76.00, : o cylindrical
propagated) 101.88 packing container
0.3517 + 0.4657 %2
Sato et %p < * b 65.8. 122 2.59,12.2, Glass spheres/gently Acrylic
al. [19] 0.4 +0.0076 (max. SD of © 243 dumped tubes
measurements)
dp - 10.686 %2
< 0.4+0.01(e D —1) 1,2,..,12
Z d Y D
(lo(z)usjnden:e 0.256 35,54,62,74, (glass beads) Glass beads and marble
Xi ’ 20 90, 104, 127, 15.8,25.8, and balls/random packing —
packing) [20] %p < 0.372+ 172,and 194 37.0 (marble
0253 0.002(e!535F _ 1) balls)
SD is the standard deviation.
The particle Reynolds number is defined as
Pfus dp
Re, = T , 3)

where ug is the superficial velocity. The superficial velocity is calculated by

us = eu . “

The modified Re number (Re*) is obtained by dividing the particle Reynolds number by 1 — &.

sd
Re*: pfu 14 (5)

u(l—e)

In Table II, H is the length of the porous medium, and the average porosity is used to calculate the
superficial velocity, modified Re number, and pressure drop in the porous bed.

2.3. Equations of State
The TAMU isothermal versatile experiments have either air or water going through the porous bed. Either

the ideal gas law or constant density model is applied to calculate the fluid density. The fluid properties are
obtained from [24-26].

2.4. Mesh Convergence Study
The spatial convergence study is critical in estimating the discretization error in computational fluid
dynamics simulations [27-29]. When numerical (coarse, medium, and fine mesh) solutions are in the

asymptotic range, and their higher-order terms are small (in other words, the observed order of accuracy, p,

4
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Table I1. Pressure drop correlations
Validity Condition
Author Pressure Drop Correlation Porosity Aspect Ratio Re” or Re, Range
Range Range b
2 = 2
AP = [150p 055 5 4 1759, 052 52 | -
Ergun [21] e prosa, 0'360 P 210 1 < Re* < 2500
fErgun = 11%562 + 1.75 :
=2 = u2
AP = [154A%Uu(1g§) s + ;}—;pf“g;ﬁd—;] H,
where A,y = 1 + z=72~—= and
Eisfeld and 3D/dp) (1) 033<e<  1.624< P< 0.01 < Re, <
Schnitzlein [22] 0.882 250 17,635

dp 2 2
By = [1.15 (%) +0.87} :

154A2 (1—¢)2

fEisfeld = Rzps‘i’ + AES&:;;E)
(1600052 2 +3(125)% p, U522 | H, 036 < iy ahove e
KTA [23] EC Rep 34, | B6<e< hm%tlng curve 1< Re* < 10°
Frepa = 320 4 6 0.42 in [23],
Rer T RerT H > 5d,

Here, f is the friction factor.

is close to the formal order of accuracy, p, of the discretization scheme), the Richardson extrapolation can
be used to predict the quantity for a mesh with an infinite number of elements [29].

The GCI describes the discretization error compared to the asymptotic numerical value in a percentage, and
it is to ensure a 95% confidence level for the computed value [28,29]. The two GCls are calculated by
Eq. 6 given the constant refinement ratio for three different mesh refinement levels.

acly = A2 cor, = 162 , (6)
TP —1 rP —1

where F is the safety factor and eo; and e3q are the relative errors defined by

fo—f

€] = ———, and €39 = M .

h f2 @)

Here, r is the refinement ratio, and f1, fo, and f3 are the quantities of interest estimated for the fine,
medium, and coarse mesh. The value of p is determined by Table III. The uncertainty estimate can be
obtained by taking the absolute value of the discretization error [29]. Finally, by satisfying the relation
between two GCls in Eq. 8, the solutions from all three mesh refinement levels are in the asymptotic range
of convergence [27].

GCI32 = TPGCIgl (8)



The 19th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-19) Log nr.: 19001
Brussels, Belgium, March 6 - 11, 2022

Table III. Implementation of the GCI method [29]
Condition D F,
|=2| < 0.1 P 1.25
|2=2| > 0.1 min(max(0.5, p), p) 3.0

3. GEOMETRY & MESH SETUP

The TAMU pebble-bed test facility design is shown in Figure 2. The experiments estimated the behavior of
the gas flow in the pebble bed, although they assumed an isothermal condition. Two different pebble sizes
provide the aspect ratios of 11 and 7.33 to observe the near-wall effect of PBRs. One compressible fluid
(air) and one incompressible fluid (water) were used to measure the pressure drop within the designated
porous bed heights. Table IV describes the detailed geometric configuration of the TAMU pebble-bed test
facility and specifies the experimental conditions. Note that the same size of pebble bed was used for both
the incompressible and compressible cases, a bed diameter of 0.1397 m. The experiments cover the flow
range from the laminar to turbulent regime for validating the correlations. In other words, the particle
Reynolds number varies from 55 to 678.

In Figure 3, for the axisymmetric model, the uniform mesh with 1,024 cells is used for the free flow region
where only the pure fluid is provided, and 12,800 and 14,080 elements are used in the porous region with
air and water. For the STAR-CCM+ and Pronghorn finite volume (FV) cases, the boundary conditions are
the inlet velocity, outlet pressure, and free-slip conditions on the walls. The initial conditions are the
ambient temperature and pressure. For the Pronghorn finite element (FE) cases, the Dirichlet boundary
conditions are used for the inlet velocities. The implicit boundary condition (i.e., a boundary condition that
uses the correct velocity specified for the momentum equation) for the advective term in the mass equation
is also specified at both the outlet and inlet in FE simulations. In addition, the implicit boundary for the
advection term in the momentum equation is determined at the outlet, and the outlet pressure is weakly
imposed for the pressure term in the momentum equation.

Table IV. Geometric configuration of the TAMU pebble-bed test facility and its experimental condi-
tions

Experimental Conditions

Working fluid Air, water
Working fluid temperature (°C) 21,25
Material for the pebbles and cylindrical bed Acrylic
Bed diameter (m) 0.1397
Pebble diameter (m) 0.0127, 0.01905
Bed height (m) 1.219, 1.2954
Aspect ratio (bed diameter/pebble diameter) 11,7.33
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Figure 2. Schematic of the pebble bed test facility from [12].
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Figure 3. Geometry and fine mesh of the Pronghorn and STAR-CCM+ models (axisymmetric model-
ing).

4. SIMULATION SETTINGS/NUMERICAL METHODS

Pronghorn with the finite element method (FEM) uses the Streamline Upwind Petrov-Galerkin method to
discretize the Navier-Stokes equations. The details of the weak form of compressible Navier-Stokes
equations implemented in Pronghorn are provided in [11]. The Newton method is used to solve the system
of coupled nonlinear equations, and Pronghorn reaches a steady-state solution by running a
pseudo-transient simulation. In addition, Pronghorn can also run FV simulations, and the preliminary
pressure drop results are presented in this study. Here, the first-order upwind scheme is used for advection,
and the fully coupled solver is used.

The finite volume method is used by STAR-CCM+ v16.02.009. STAR-CCM+ generates the reference
solutions for quantities, such as the pressure drop and velocity profile, and the steady state solutions under
the laminar/turbulent flow condition are obtained with the Darcy-Forchheimer model. The second-order
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upwind scheme is used for convection, and the segregated SIMPLE solver is used.

5. RESULTS & DISCUSSION

The average porosity of a randomly packed bed was estimated by the correlations. We investigated twelve
different average porosity correlations from [11]. Mueller, Sato, and Zou and Yu correlations were selected
because their experimental setups are similar to the TAMU isothermal experiments, and the parameters of
the TAMU experiments fall within the correlations’ validity conditions. These correlations were developed
by the researchers with pebble and bed diameters similar to the current experiments, including the random
packing method and the pebble material, such as acrylic glass. On the other hand, we excluded other
correlations derived from experiments different from the TAMU experiments. For instance, Beavers et

al. [30] derived the correlation by using a rectangular bed, and Foumeny et al. [31] vibrated the cylinder to
pack the pebbles. In Figure 4, red lines represent the aspect ratios of 11 and 7.33 used for the air and water
cases, respectively. The uncertainty bands are provided for the Mueller and Sato correlations by
propagating the SDs of the pebble diameter. The uncertainties are calculated by multiplying the SDs by 2
for the 95% confidence level given the normal distributions, and they are less than 1% of the average
porosities at the corresponding aspect ratios of 11 and 7.33. Note that the Zou model is considered with
both the loose and dense packing methods. The average porosities calculated by the above correlations
vary within the porosity range by ~0.05, which is relatively large compared to the values of the averages.
This would likely provide the differences in pressure drop when the empirical pressure drop correlations
are applied in the Darcy-Forchheimer model (see Table V).

Average porosity vs. aspect ratio

0.75
—— Mueller
0.70 1 —— Sato (pebbles gently dumped)
---=Zou (dense packing)
0.65 —— Zou (loose packing)
0.60 1
W 0.55
0.50 4
0.45
0.40 1
035k | . . . .
0 15 20 25 30 35

D/d,

Figure 4. Comparison of average porosity correlations.

The optimal porosity function was determined by examining the porosity functions in Table V; these
functions were used with the pressure drop correlations listed in Table VI to produce Figure 5. As a result,
the Zou average porosity function with dense packing estimates the pressure drop better than others,
specifically for air cases. Given that both the experimental and correlation data are deterministic, the Zou
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Table V. Average porosities estimated by different correlations

Model/Average Porosity £ (air) & (water)

Mueller 0.385 0.395

Sato (pebbles gently dumped)  0.394 0.4152
Zou (dense packing) 0.378 0.3861
Zou (loose packing) 04164  0.4329

model with dense packing has the lowest root mean square errors (RMSEs), relative root mean square
errors (RRMSEs), and average Euclidean distances (commonly known as L? norm). The probabilistic
experimental data led to the same conclusion such that the Zou dense packing model performs the best in
predicting the pressure drop with the lowest averages of the total normalized Euclidean distance with the
Eisfeld and Schnitzlein and KTA correlations (see Table VI). On the other hand, the Zou loose packing
model approximates the pressure drop better than other models for the water cases with regard to the
validation metrics in Table VII. The equations for the validation metrics are described in detail in [32].

Table VI. Validation metrics for the Zou dense packing model (air)

Validation Metrics/Model (1D calculation) Ergun Eisfeld and Schnitzlein ~ KTA
Average relative difference (%) 8.496 12.76 13.19
RMSE (Pa) 12.04 43.07 26.53
RRMSE (%) 5.488 19.63 12.09
L? norm (Pa) 34.06 121.8 75.04
Average of the total normalized Euclidean distance ~ 2.966 4.56 4

Pressure drop vs. particle Re number (air, € = 0.378)

600 — Ergun
---- Eisfeld and Schnitzlein
— KTA
5001 @  Experimental measurements
400
=
&
Q J
3 300
200 1
100 1
O 4
50 100 150 200 250 300 350

Rep

Figure 5. Pressure drop comparison with the Zou dense packing model (air).
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The specification of the turbulence quantities did not improve the pressure drop significantly. The turbulent
quantities are specified for the pebble-bed region for Re,, = 274 ~ 365 (see Figure 7 for the Foumeny
function), and the SST k& — w model with the all y+ wall treatment is used for the free flow region with no
slip condition. Due to the insignificant pressure drop change by applying the turbulence quantities to the
compressible Navier-Stokes equations with the Darcy-Forchheimer model, the axisymmetric model is
utilized without the turbulence properties for the whole Reynolds number range for both Pronghorn and
STAR-CCM+.

Table VII. Validation metrics for the Zou loose packing model (water)

Validation Metrics/Model (1D calculation) Eisfeld and Schnitzlein KTA
Average relative difference (%) 37.61 39.82

RMSE (Pa) 52.04 51.17

RRMSE (%) 18.89 18.58

L? norm (Pa) 194.7 191.5
Average of the total normalized Euclidean distance 0.7963 0.7833

Pressure drop vs. particle Re number (water, £ = 0.4329)

—— Ergun
s00d Eisfeld and Schnitzlein
— KTA
@  Experimental measurements
600
=
&
a ]
S 400
200 1
01

100 200 300 400 500 600 700
Rep

Figure 6. Pressure drop comparison with the Zou loose packing model (water).

After determining the average porosity, numerous pressure drop correlations valid in the specific Reynolds
number and aspect ratio ranges were implemented in both Pronghorn and STAR-CCM+ to estimate the
pressure drop in the pebble bed. First, the mesh convergence test was performed such that the results are
spatially converged. Generally, the GClIs for fine meshes are less than 1% with the lowest and highest
particle Reynolds numbers for air and water; therefore, the uncertainty error bars are estimated as a
conservative error of 1% of the predicted pressure drop. Peculiarly, they are evaluated as 1.5% of the
pressure drop as approximated by the STAR-CCM+ with the Foumeny function given the turbulence

10
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quantities in the porous region. This shows that the fine meshes, in general, provide numerical results close
to the asymptotic solutions with the uncertainty errors less 1% and ensure a higher than 99% confidence

level for the computed values.

Ergun pressure drop Leva pressure drop
—— 1D calculation —— 1D calculation
600 1 . 600 1 .
@  Experimental measurements @  Experimental measurements
¥  STAR-CCM+ ¥  STAR-CCM+
5004 @ Pronghorn (FEM) 5004 @ Pronghorn (FEM)
%X Pronghorn (FVM) %X Pronghorn (FVM)
400 400
= =
& &
Q 4 Q. 4
% 300 % 300
200 200 -
100 4 100
0 0
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Rep Rep
Macdonald pressure drop Foumeny pressure drop
—— 1D calculation —— 1D calculation
600 4 . 600 1 .
@  Experimental measurements @  Experimental measurements
¥ STAR-CCM+ } STAR-CCM+
5001 @ Pronghorn (FEM) 500{ @ Pronghorn (FEM)
% Pronghorn (FVM) % Pronghorn (FVM) I
STAR-CCM+ (turbulence quantities ).
400 1 400 4 specified for the pebble bed region)
= =
& &
Q 1 Q 1 J
% 300 % 300
200 200 -
100 100 -
01 0
50 100 150 200 250 300 350 50 100 150 200 250 300 350
Rep Rep

Figure 7. Pressure drop correlations for air.

In Figure 7, although the Ergun correlation is developed with the substantially small pebble and bed
diameters, and pebbles are packed with vibration, it estimates the experimental pressure drop data fairly
well with an average relative difference of 8.5% for both the 1D calculation and Pronghorn (FE) compared
to the experiments and with an 8.34% average relative difference for the STAR-CCM+ results. Macdonald
et al. used much smaller particles; however, the similar packing material and method may result in pressure
drop measurements within the 50% prediction band from [33]. The Foumeny function, which considers the
aspect ratio in calculating the pressure drop, predicts the pressure drop the most accurately among other
valid correlations in [11] (see Table VIII); however, the Cheng, Eisfeld and Schnitzlein, Harrison, and Liu

11
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functions, which also use the bed diameter to account for the near-wall effect, deteriorate the pressure drop
calculation. Figure 8 describes the gauge pressure and velocity magnitude profiles of the Re, = 365 case
given the Foumeny function. Not only do the simulation results from Pronghorn and STARCCM+ agree
well, but they comparably estimate the experimental pressure drop.

For the experiments with the nearly incompressible fluid (water), the Montillet dense packing model results
in the lowest RMSEs, RRMSEs, L2 norms, and averages of the total normalized Euclidean distance with
Pronghorn and STAR-CCM+. The Montillet function was developed based on the similar pebble and bed
sizes, including the random packing of glass particles, and it considers the near-wall effect to improve the
pressure drop prediction. Here, the aspect ratio of 7.33 is small such that the near-wall effect is probably
influential. Although the average relative differences in Table VIII are beyond the maximum relative
difference of 10.4% in [34], in Figure 9, overall, the overlap of the 95% confidence interval bars of the
experiments and simulation results is more than the half of a single arm. Therefore, the two-tailed p-value
is <0.05, and it provides strong evidence for the null hypothesis of the zero difference in means [35-37]. In
other words, the statistical significant effect is most likely small.

Table VIII. Validation metrics for the Foumeny and Montillet functions (for air and water)

Validation Foumeny Montillet (dense packing)

Met-
rics/Model Pronghorn (FE)  Pronghorn (FV) STAR-CCM+  Pronghorn (FE) Pronghorn (FV) STAR-CCM+

Average
relative
difference
(%)

RMSE (Pa) 9.2754 9.161 9.355 10.9 12.19 11.23
RMSRE 0.1032 0.1055 0.105 0.6687* 0.6742* 0.6715*
RRMSE (%) 4.227 4.175 4.264 3.958 4.424 4.075

7.454 7.707 7.779 26.69% 27.37% 26.928

L? norm

26.23 2591 26.46 40.79 45.59 42
(Pa)

Average of
the total
normalized 2.902 3.0827 3.094% 0.1621 0.1821 0.1671
Euclidean
distance

fThe Ergun function provides a similar average of the total normalized Euclidean distance of 3.028 by Pronghorn (FV) for air.
#The Ergun function provides a similar average of the total normalized Euclidean distance of 3.012 by STAR-CCM+ for air.
$The Meyer function brings similar average relative differences of 24.21, 24.16, and 24.26 for Pronghorn (FE), Pronghorn (FV),
and STAR-CCM+, respectively.

*The Meyer function shows similar RMSREs of 0.6298, 0.6347, and 0.6324 for Pronghorn (FE), Pronghorn (FV), and
STAR-CCM-+, respectively.

6. CONCLUSIONS AND FUTURE WORK
The Pronghorn (both the FEM and FVM) pressure drop prediction agrees well with the STAR-CCM+
simulation results and 1D correlations, including the experimental pressure drop measurements given the

different Reynolds number ranges and specific aspect ratios. The precise prediction of the porosity function

12
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Figure 8. Gauge pressure and velocity magnitude profiles estimated by the Foumeny function with
Pronghorn and STAR-CCM+ for Re, = 365.

has an impact on the pressure drop results, and by considering the near-wall effect, the Fomeny and
Montillet models perform the most accurately for air and water, accordingly.

The studies related to the velocity profile estimation are in process by considering the radial
(oscillatory/exponential) porosity functions. Further research about the impact of the turbulence quantities
in the porous region on the velocity, influence of utilizing the volume-averaged porosity in the arbitrary
volumes, and transport of the high-fidelity data into the porous media models are recommended.
Additionally, the validation metrics with the experimental and model probabilistic data may be obtained by
determining the robust simulation uncertainty.
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Figure 9. Pressure drop correlations for water.
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